Previous density functional ͑DF͒ calculations of the structures of small hydrocarbon molecules ͑CH, CH 2 , C 2 H 2 , C 2 H 4 , C 3 H 6 , C 3 H 8 ) have been extended to larger systems. The structure of a single chain of isotactic polypropylene (it-PP͒ has been optimized, and calculations have been performed for smaller molecules with closely related structures ͑propane C 3 H 8 , several conformers of isopentane C 5 H 12 , and 2,4,6-trimethyl heptane C 10 H 22 ) using both local spin density ͑LSD͒ and non-local ͑gradient-corrected͒ energy functionals. The pronounced transferability of the local structural parameters between C 5 H 12 , C 10 H 22 and it-PP suggests that the energy surfaces calculated for molecules with five carbon atoms should provide a very good representation of the local energy variations in much larger systems.
I. INTRODUCTION
The density functional ͑DF͒ formalism 1 is widely used for calculating structural and cohesive properties of bulk systems, and the extension to small molecules and clusters over the past 15 years or so has shown that it can also provide a reliable and economical approach in these cases. The coupling of DF calculations with molecular dynamics ͑MD͒ 2 allows the total energy to be found for a range of geometrical configurations inaccessible to many other methods, and the use of non-local modifications of the parameter-free local spin density ͑LSD͒ approximation for the exchangecorrelation energy has improved the agreement with measured formation energies.
Organic polymers are of great technological importance and have been the subjects of numerous DF studies, 3 examples being single chains of trans-polyacetylene 4 and polyethylene. 5 The application of combined MD/DF calculations to organic molecules is complicated by their use of a pseudopotential description of the electron-ion interaction and a plane-wave basis, since the rapid variations of the pseudopotentials of first-row atoms ͑such as C, H, O͒ requires very large plane-wave expansions. While the combination of MD with DF or correlated wave function schemes using Gaussian basis functions is a promising alternative, 6 the applicability of the MD/DF scheme has been enhanced by the development of ''soft'' pseudopotentials. 7 We showed recently that such calculations could be used to study structures and energy differences in small hydrocarbon molecules ͑CH, CH 2 , C 2 H 2 , C 2 H 4 , C 3 H 6 , C 3 H 8 ). 8 For both LSD and non-local ͑gradient-corrected͒ approximations, the structures and energy barriers, including those for rotation about single and double bonds, generally agree well with available experimental findings and the results of wave function-based calculations, and with the results of all-electron DF calculations using a Gaussian basis. Recent studies of some organic reactions also give an encouraging view of the application of DF theory, 9 although current approximations to the exchange-correlation energy often underestimate the energy barriers.
A major goal of this work is to study the extent to which the structural properties of small molecules can be used to predict the energy surfaces of composite systems, i.e., those containing the smaller molecules as structural units. A similar study using the Hartree-Fock approximation was carried out some years ago for some small straight-chain 10 and branched 11 hydrocarbons, with particular focus on the conformational behavior ͑the dependence of the dihedral angles along the carbon chains͒. Here we extend the DF study mentioned above to larger molecules.
In the present paper we present the results of calculations on several conformers of isopentane ͑C 5 H 12 ), and we then describe calculations ͑with both LSD and gradientcorrected approximations to the exchange-correlation energy functional͒ of the structure of a single chain of isotactic polypropylene (it-PP͒. With three C 3 H 6 units ͑27 atoms͒ in the unit cell, this is one of the largest polymer chains for which the structure has been optimized fully in a DF calculation. We have also performed DF calculations on the structures and energy differences in molecules ͑propane C 3 H 8 , and 2,4,6-trimethyl heptane, C 10 H 22 ), which, together with isopentane, have structures that may be viewed as submolecules of the it-PP chain. We have performed both MD/DF and all-electron calculations on propane and isopentane, and again find very good agreement between the two sets of calculations. For C 10 H 22 we have carried out all-electron calculations with the distance between two extremal C atoms constrained to equal the experimental value of the corresponding distance in it-PP. Possible extensions of this study include the parametrization of the classical force fields in larger systems or developing ''coarse-grained'' models that would allow much larger systems to be investigated efficiently using methods such as classical MD.
In Sec. II we provide essential details of the calculations, and in Sec. III present results for the structures of the above systems. The results are compared with experimental and theoretical work where available. We discuss our findings and give our conclusions in Sec. IV.
II. METHODS OF CALCULATION
Details of the numerical methods used in the calculations of small molecules have been given previously. 8, 12 The present MD/DF calculations were performed with periodic boundary conditions and simple cubic unit cells. The lattice constants ͓18 a.u. in C 3 H 8 , 21 a.u. in C 5 H 12 ͔ are large enough to ensure that there is negligible interaction between neighboring molecules. As in the earlier study of smaller organic molecules, 8 the pseudopotential for C and H used to describe the electron-ion interaction had the ͑non-local͒ form suggested by Troullier and Martins. 7 The basis set expansion was taken to be plane waves, with an energy cutoff of 30 a.u., and we use a single point ͑kϭ0͒ in the Brillouin zone.
The density functional calculations on the single chain of it-PP were also performed using periodic boundary conditions in three dimensions. The unit cell was chosen to be simple tetragonal, with lattice constants in the directions perpendicular to the chain that were again large enough ͑20.75 a.u.͒ to ensure a minimal interchain interaction. The lattice parameter in the direction of the chain axis was initially set equal to the experimental value ͑12.26 a.u., 6.50 Å͒. 13 The optimum structure was determined by calculating the forces on the atoms, which were then allowed to relax to the structure with minimum energy. The calculation was repeated with different lattice parameters along the direction of the chain, in order to optimize all structural parameters for the single it-PP chain. The electron-ion interaction for C and H was described by the same pseudopotential 7 as in the work on isolated molecules, and the plane wave basis had the same energy cutoff ͑30 a.u.͒. The integration in reciprocal space employed the special points technique, 14 and a thorough check showed that both the cutoff of 30 a.u. and eight special points gave well-converged results. The numerical accuracy of the interatomic separations, for example, should be better than 0.01 Å.
The choice of energy functional is an important consideration in DF calculations. In addition to the local spin density ͑LSD͒ approximation, which is based on accurate calculations of the exchange-correlation energy density in a homogeneous, spin-polarized electron gas, we have used a non-local, gradient-corrected functional with the exchange part due to Becke 15 and the correlation part due to Perdew 16 ͑the ''BP'' functional͒. For isopentane and C 10 H 22 we have also performed all-electron DF calculations with a Gaussian basis set 17 using the same two functionals. These calculations provide independent checks of the use in our MD/DF calculations of both the pseudopotential approximation and the plane-wave basis set.
III. RESULTS
The structures of the molecules considered here are shown in Fig. 1 , which shows the transition from propane 
A. Isopentane
Isopentane ͑IP͒ has a variety of conformers, and we have performed MD/DF calculations on those shown in Fig. 2 . Conformer IP͑2͒ is obtained form IP͑1͒ by rotating the C͑CH 3 ͒͑CH 3 ͒͑H͒ group by 60°with respect to the C͑CH 3 ͒͑H͒͑H͒ group; IP͑3͒ is obtained from IP͑2͒ and IP͑4͒ from IP͑3͒ by rotating the same group in the same way by 120°and 60°, respectively. The conformer denoted ͑3, rotated methyl͒ is related to IP͑3͒ by rotating the methyl group on C͑5͒ by 60°, and it is less stable than IP͑3͒ by 3.07 kcal mol Ϫ1 . As shown in Table I , there is satisfactory agreement between the optimized structures obtained here with the LSD approximation and those obtained with Hartree-Fock ͑HF͒ calculations. 11, 18 Our DF calculations lead to C-H bonds that are slightly longer than the HF values, which is consistent with earlier findings 19 that the LSD approximation tends to overestimate the lengths of bonds between H and main group elements.
The most stable structure of isopentane is found to be ͑3͒, which occurs indeed as a structural unit in both C 10 in HF calculations, 11 and the relative energies ͑the HF values are 0.9, 3.0, 5.6 kcal mol Ϫ1 ͒ are in reasonable agreement. Figure 3 shows Newman plots of structures ͑1-4͒ viewed down the axis from C͑4͒ to C͑3͒ ͑see Fig. 4 for the labeling of atoms͒ and makes plausible the relative stability of IP͑3͒. IP͑1͒ has two eclipsed CH 3 groups on opposite sides of the molecule, and these steric interactions result in the highest energy. IP͑4͒ also has an eclipsed form, but each methyl group eclipses a single hydrogen atom. While both IP͑2͒ and IP͑3͒ are staggered, the former has a higher energy since the two front methyl groups are gauche to the back CH 3 group, while one of the front methyl groups in IP͑3͒ is gauche and the other trans. The bond lengths and angles and the dihedral angles given in Table II for these four structures provide more information about these steric effects.
The results of a vibrational analysis of the most stable conformer ͑3͒ using all-electron calculations 17 are shown in Table III , together with experimental results 20, 21 and other calculations. 20, 22 Vibration frequencies above 2000 cm Ϫ1 correspond to C-H stretching, the 1400-1500 cm Ϫ1 range to H-C-H bending, and frequencies from 300-1400 cm Ϫ1 to wagging, bending, rocking, and twisting. Frequencies below 300 cm Ϫ1 arise from torsional motions. The overall agreement with the earlier work is satisfactory. Table IV shows that the structural parameters calculated using the MD/DF method ͑pseudopotential description of the electron-ion interaction, plane-wave basis set͒ and all-electron DF calculations ͑Gaussian basis set͒ are in excellent agreement.
B. Isotactic polypropylene
Isotactic polypropylene occurs in three different crystalline structures: a monoclinic ␣-form, first reported by Natta and Corradini, 13 a hexagonal ␤-form and a triclinic ␥-form. In spite of the structural differences, there is considerable experimental evidence 13, 23, 24 that these forms comprise just two enantiomorphic chain conformations: right-handed and left-handed ͑3/1͒ helices, with a periodicity of 6.5 Å. This suggests that intramolecular forces play a central role in the conformation of the chains in the crystalline structure. The helix is such that the backbone dihedral angles alternate between trans and gauche. Although the gauche torsions have the higher energy, the ͑3/1͒ helix structure leads to a lower energy than the all-trans planar zigzag structure, because the intramolecular steric interactions between the methyl side groups are minimized.
To the best of our knowledge, a calculation performing a global optimization of all structural parameters of a single it-PP chain has not yet been performed. The parameters commonly adopted are d CC ϭ1.54 Å, d CH ϭ1.09 Å, and bond angles derived from tetrahedral values. An example is the recent exploratory study of single chains of isotactic and two syndiotactic forms of polypropylene, using Hartree-Fock methods 25 to determine the total energies and the energy eigenvalue spectra. Immirzi and Iannelli 26 have used a fiber whole-pattern refinement to analyze x-ray diffraction data. Assuming a chain conformation with fixed bond lengths and three-fold helical symmetry, they obtained C-C-C chain angles of 116.9°and 112.4°, chain dihedral angles of 178°a nd 59°, and methyl-to-chain bond angles of 108.2°. The refined values are close to those obtained from partial structural optimization using total energy calculations. [27] [28] [29] The present calculations also lead to a ͑3/1͒ helix, and the optimized structure has repeat distances along the chain of 6.36 Å and 6.49 Å using LSD and GC approximations, respectively, for the exchange-correlation energy. The LSD structure is then slightly (ϳ2%͒ more compressed than the GC structure along the chain, and the repeat distance in the latter is in excellent agreement with the measured value. 13 The other structural parameters, which are reported in Table  IV for the case where the repeat distance is constrained to have the experimental value, agree well with the ''standard'' distances and with the optimized angles reported above. 26 The small differences between the optimized LSD structure ͑repeat distance 6.36 Å͒ and the constrained values are most evident in the bond angles. If the bond angles in the optimized structures are replaced by the values in Table IV , for example, the repeat period of the chain increases by 0.07 Å. The corresponding changes to the bond lengths and the dihedral angles extend the repeat distance by 0.03 Å and 0.04 Å, respectively.
C. Structural relationships
The qualitative relationship between the different structures is quite evident in Fig. 1 . The aim of the present study, however, is to examine the structures in detail and to determine the extent to which the structural parameters-such as Table IV.   TABLE II Figure 4 shows the atom labels. the bond lengths, and the bond and dihedral angles-are transferable. If the local bonding properties of the polymer chain can be determined reliably by ͑much more economical͒ DF calculations on small segments, there is a justifiable hope that the latter can be used to parameterize the forces and energies in the former.
Conformer
In Table IV we compare the structural features ͑bond lengths, and bond and dihedral angles͒ of comparable sections of isotactic polypropylene, C 10 H 22 , C 5 H 12 ͑all-electron and MD/DF calculations͒, and C 3 H 8 ͑ground state with staggered-staggered configuration͒. Figure 4 shows the labeling of the atoms in a representative section in C 5 H 12 . The bond lengths in the sections of different molecules generally agree well, with substitution of H by CH 3 leading to very small increases in the lengths of C-C bonds at the substituted atoms. The bond angles agree well unless H atoms or C groups are close to other groups containing carbon. This effect can be seen when comparing the C͑4͒C͑3͒H͑15͒ bond angle in the molecules, where the open environment of H͑15͒ in C 3 H 8 leads to a larger C͑4͒C͑3͒H͑15͒ bond angle than in the remaining molecules.
Propane is the smallest and only unbranched molecule amongst those considered, and it is evidently too small to provide accurate estimates of the structural parameters of larger hydrocarbons. The additional C atoms in isopentane and the higher steric strain result in a structure that agrees better with those of C 10 H 22 and it-PP.
We have noted above that conformer ͑3͒ of isopentane is more stable than conformer ͑3, rotated methyl͒ by 3.07 kcal mol Ϫ1 . Figure 2 shows that these molecules are propane-like sections in staggered-staggered ͓IP͑3͔͒ and staggeredeclipsed ͓IP͑3, rotated methyl͔͒ configurations. We might then expect that the energy difference between these two conformers should be similar to the energy difference between staggered-staggered and staggered-eclipsed forms in propane, for which the experimental value is 3.17 kcal mol Ϫ1 ͑Ref. 30͒ and LSD calculations give 3.1 kcal mol Ϫ1 ͑Ref. 8͒. The excellent agreement between isopentane and propane results shows the transferability of energy differences in this case as well. We have also performed allelectron calculations on C 10 H 22 with a comparable methyl group rotated by 60°. The energy difference between this structure and the structure without methyl rotation ͑3.03 kcal mol Ϫ1 ͒ also agrees well with the results for methyl group rotation in isopentane and propane.
IV. DISCUSSION AND CONCLUDING REMARKS
We have extended our earlier density functional ͑DF͒ calculations on small hydrocarbon molecules to larger systems, including isomers of isopentane and a single chain of isotactic polypropylene (it-PP͒. The calculations have been of two types: ͑a͒ DF calculations with simulated annealing, using a pseudopotential description of the electron-ion and a plane-wave basis set, and ͑b͒ DF calculations with a localized, Gaussian basis set, which consider all electrons. The TABLE IV. Comparison of structures of sections of isotactic polypropylene (it-PP), C 10 H 22 , C 5 H 12 , and C 3 H 8 ͑bond lengths d in Å, bond angles ␣ and dihedral angles ␥ in degrees͒. See Fig. 4 for labeling agreement between the two sets of calculations is very good.
Calculations have been performed with both LSD and gradient-corrected approximations to the exchangecorrelation energy. A particular focus has been the relationship between the structures and energy differences in larger systems, such as isotactic polypropylene or C 10 H 22 , and smaller molecules with closely related structures. We have optimized the structures of five conformers of isopentane. The overall picture is consistent with the results of an earlier Hartree-Fock study, and the most stable form ͓IP͑3͔͒ is that which arises in the chain structure of it-PP. The latter is helical ͑3/1͒, with 27 atoms in the unit cell, and the structure optimized using the LSD approximation has a repeat distance along the chain that is ϳ2% shorter than that found in x-ray diffraction studies. 13 The GC energy functional leads to excellent agreement with the experimental repeat distance ͑6.50 Å͒. The GC functional leads to C-C bonds that are slightly longer than in the LSD calculations and in good agreement with the ''standard'' value assumed for C-C single bonds.
With the exception of propane, there is a remarkable transferability of the structural parameters between molecules with the same local environment. This is very encouraging, as it indicates that the results of DF calculations for small structural units should be useful for predicting the energy surfaces of larger organic molecules. It is not surprising that the structural parameters for propane differ from those of the other molecules, all of which are branched. On the other hand, the differences are not large even in this case, and are most apparent in the bond angles.
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